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PDNH DQ DEVWUDFW FORFN WUHH GLIILFXOW WR URXWH LQ SUDFWLFH DQG FDXVH LPSRUWDQW
PDQXIDFWXUDELOLW\ DQG UHOLDELOLW\ FKDOOHQJHV 7KHUHIRUH WKH ILQDO FORFN WUHH OD\RXW
VSHFLILFDWLRQVFDQEHVHULRXVO\GHYLDWHGIURPWKHH[SHFWHGRQHV9LDVKDYHPDMRULPSDFW
RQ FLUFXLW UHOLDELOLW\ DQG PDQXIDFWXULQJ \LHOG 7KH YDULDELOLW\ LQ YLD UHVLVWDQFH LV
EHFRPLQJ DQ LQFUHDVLQJ FRQFHUQ LQ QDQRWHFKQRORJLHV ,Q WKLV WKHVLV D SUDFWLFDO IUDPH
ZRUNLVSURSRVHGWRFRQVWUXFWWKHFORFNWUHHQHWZRUNXQGHUYLDFRQVWUDLQW:HSURSRVHDQ
DOJRULWKP WKDW PLQLPL]HV WKH QXPEHU RI EHQGV WKDW LV FORVHO\ UHODWHG WR WKH QXPEHU RI
YLDV7KHSURSRVHGDOJRULWKPLVDEOHWRFRQVWUXFWD]HURVNHZFORFNWUHHZLWKDWPRVWRQH
EHQG EUDQFK PHUJLQJ %\ SHUIRUPLQJ VLPXOWDQHRXV ZLUH VL]LQJ DQG FORFN WUHH
FRQVWUXFWLRQ WKHDOJRULWKPHIIHFWLYHO\ UHGXFHV WKHQXPEHURIEHQGVDW WKHH[SHQVHRID
LY

VPDOO LQFUHDVH LQ FDSDFLWDQFH )XUWKHUPRUH WKH QXPEHU RI YLDV LV DOVR FRQWUROOHG E\
FRQVLGHULQJDSUHVSHFLILHGSDWWHUQ WR URXWH WKH LQWHUQDOFORFN WUHHHGJHV7KH LPSDFWRI
WKHSDWWHUQURXWLQJLVWDNHQLQWRDFFRXQWLQWKHHDUO\FORFNGLVWULEXWLRQGHVLJQSKDVH:H
LQWURGXFH D SUREDELOLVWLF URXWLQJ GHPDQG HVWLPDWLRQ PHWKRG WR LQWHJUDWH WKH H[SHFWHG
URXWLQJ GHPDQG RI WKH FORFN QHW ZLWK RWKHU FORFN WUHH RSWLPL]DWLRQ PHWULFV $ QHZ
GHPDQG GULYHQ FRVW IXQFWLRQ LV H[SORLWHG LQ QHWZRUN WRSRORJ\ JHQHUDWLRQ DV ZHOO DV
EUDQFKSRLQWHPEHGGLQJVWDJHVRID]HURVNHZFORFNWUHHDOJRULWKPWRUHGXFHWKHQXPEHU
RIYLDV2XU H[SHULPHQWV VKRZFRQVLGHUDEOH LPSURYHPHQWV LQ WKH WRWDO QXPEHURIYLDV
UHGXFWLRQLQWKHQXPEHURIYLDVLVREWDLQHGZKLOHWKHWRWDOFORFNWUHHZLUHOHQJWKLV









, RIIHU P\ VLQFHUHVW JUDWLWXGH WR P\ VXSHUYLVRU 'U $VLP $O.KDOLOL ZKR KDV
VXSSRUWHG PH WKURXJKRXW P\ UHVHDUFK ZLWK KLV SDWLHQFH DQG NQRZOHGJH :LWKRXW KLV











































































































































000 Method of Means and Medians 
'0( 'HIHUUHG0HUJH(PEHGGLQJ
06 Merging Segment 
*0$ Geometric Matching Algorithm 
%67 %RXQGHG6NHZ7UHH
=67 Zero Skew Tree 
633 Shortest Path Polygon 
$5' Average Routing Demand 
1* Nearest Neighbor Graph 
0& Merging Cost 
SG Probabilistic Demand 














&ORFN VLJQDO LV XVHG DV D WLPLQJ UHIHUHQFH WR FRQWURO WKH IORZ RI GDWD ZLWKLQ D
V\QFKURQRXVGLJLWDOV\VWHP$OPRVWHYHU\VLJQDOWUDQVLWLRQEHWZHHQPHPRU\HOHPHQWVLV
UHIHUHQFHG WR VSHFLILF FORFN HGJH ,I D PHPRU\ HOHPHQW UHFHLYHV D FORFN HGJH DW WKH
ZURQJ WLPH LW ZRXOG FDSWXUH WKH ZURQJ GDWD DQG ZRXOG FDXVH D V\VWHP PDOIXQFWLRQ
7KHUHIRUH WKH FORFN ZDYHIRUP PXVW EH FOHDQ DQG VKDUS $V WKH FRPSOH[LW\ RI V\VWHP
LQFUHDVHV WKH QXPEHU RI IOLS IORS ZKLFK DUH WR EH FORFNHG LQFUHDVHV DQG WKH IOLS IORSV










IXQFWLRQDOLW\   $ FORFN GLVWULEXWLRQ QHWZRUN FDQ EH FKDUDFWHUL]HG E\ WKH IROORZLQJ
FULWHULD
 &ORFN6NHZ















KDV WKH ODUJHVW IDQRXW 7KH FORFN VLJQDO RSHUDWHV ZLWK WKH KLJKHVW VZLWFKLQJ













EH VKDUS HQRXJK WR HQVXUH SURSHU GDWD FDSWXULQJ LQ IOLSIORSV DQG WR SUHYHQW PHWD





*OREDO V\VWHPDWLF DQG ORFDO UDQGRP YDULDWLRQV LQ LQWHUFRQQHFW DQG WUDQVLVWRU
FKDUDFWHULVWLFVLQGXFHFORFNVNHZHYHQLI]HURVNHZLVDFKLHYHGE\ZLULQJDGMXVWPHQW









RU K\EULG QHWZRUNV RU WR UHGXFH WKH LPSDFW RI PDQXIDFWXULQJ YDULDWLRQV RQ WKH FORFN
QHWZRUNSHUIRUPDQFH>@1RQWUHHVWUXFWXUHLVUREXVWDJDLQVWSURFHVVYDULDWLRQEHFDXVH
VHYHUDOSDWKVIURPWKHFORFNVRXUFHWRDIOLSIORSFRPSHQVDWHIRUGLIIHUHQFHRIGHOD\WLPH
+RZHYHU WKHVH QHWZRUN FRQILJXUDWLRQV FRQVXPH VLJQLILFDQWO\ PRUH SRZHU WKDQ










'HVSLWH WKHLU DGYDQWDJHV WKH DYDLODEOH FORFN WUHH URXWLQJ DOJRULWKPV WHQG WR DFKLHYH
OLPLWHG GLUHFW LPSDFW LQ SUDFWLFH VLQFH SUDFWLFDO FRQVLGHUDWLRQV VXFK DV YDU\LQJ OD\HU
SDUDVLWLFDQGYLDHIIHFWVDUHRIWHQLJQRUHG$OVRLQPDMRULW\RIFORFNURXWLQJDOJRULWKPV
WKH URXWLQJSDWKV DUH IUHTXHQWO\DEVWUDFWHGDVD VLQJOH UHFWLOLQHDUSODQH LJQRULQJ WKHYLD
FRVW OD\HU GHSHQGHQW URXWLQJ FRVW DQG FRQJHVWLRQ LPSDFW LQ D SDUWLFXODU GLUHFWLRQ
&RQWUDU\WRWKHVHQRQUHDOLVWLFDVVXPSWLRQVPRVW9/6,FKLSVXVHEHWZHHQWROD\HUV
RI PHWDO DQG WKH JOREDO FORFN GLVWULEXWLRQ W\SLFDOO\ XVHV PRVW RU DOO RI WKHP >@ 7KH









³EORFNDJHVRQZLULQJ OHYHOV DQGDW WKH VLOLFRQ OHYHOV7KHQHWZRUNPXVW RI FRXUVHEH
















LQYHVWLJDWH WKH PRVW UHFHQW WUHQGV LQ FORFN WUHH FRQVWUXFWLRQ DOJRULWKPV $OVR ZH


LQWURGXFH VRPH GHILQLWLRQV DQG WHUPV DQG GHVFULEH ZHOO NQRZQ DOJRULWKPV DQG PRGHOV
ZKLFK DUH XVHG DV EDVHV IRU WKH GLVVHUWDWLRQ FRQWULEXWLRQV ,Q &KDSWHU  D QRYHO
WRSRORJLFDO YLD PLQLPL]DWLRQ DOJRULWKP LV LOOXVWUDWHG :H SURSRVH DQ DOJRULWKP WKDW
PLQLPL]HV WKH QXPEHU RI EHQGV WKDW LV FORVHO\ UHODWHG WR WKH QXPEHU RI YLDV %\
SHUIRUPLQJ VLPXOWDQHRXV ZLUH VL]LQJ DQG FORFN WUHH FRQVWUXFWLRQ WKH DOJRULWKP
HIIHFWLYHO\UHGXFHVWKHQXPEHURIEHQGV,Q&KDSWHUWKHLPSDFWRIURXWLQJFRQJHVWLRQ
LQPXOWLOD\HUFORFNURXWLQJLVLQYHVWLJDWHG$PRQJDOOSUDFWLFDOURXWLQJLVVXHVLQFORFN
QHWZRUNV FORFN WUHH FRQJHVWLRQ DOVR SOD\V D UROH LQ WKH ILQDO REWDLQHG FORFN WUHH
VSHFLILFDWLRQ+DYLQJWKHFRQJHVWLRQWREHDGGUHVVHGODWHULQWKHGHWDLOURXWLQJFDQDIIHFW
ERWKWKHWRWDOZLUHOHQJWKDQGWKHFORFNWUHHVNHZZKLFKDUHWKHSULPDU\REMHFWLYHVIRUDOO






















7KH FORFN F\FOH WLPH LV PDLQO\ GHWHUPLQHG E\ WZR IDFWRUV LQ V\QFKURQRXV FLUFXLWV
VLJQDOGHOD\LQFULWLFDOSDWKVLQWKHFLUFXLWV&ORFNVNHZ7KHFORFNVNHZLVWKHWLPH
EHWZHHQWKHPD[LPXPDQGPLQLPXPGHOD\RIFORFNVLJQDOVIURPWKHFORFNVRXUFHWRDOO
IOLSIORSV 8VXDOO\ EHWZHHQ WZR DGMDFHQW )OLS )ORSV   ,Q )LJXUH  WVNHZ FORFN VNHZ
EHWZHHQWKHWZRDGMDFHQWIOLSIORSVLVFRPSXWHGE\
ݐ௦௞௘௪ ൌ ݐ௜ െ ݐ௝
:KHUHWLDQGWMDUHWKHFORFNGHOD\VIURPWKHFORFNVRXUFHWRWZRDGMDFHQWIOLSIORSVLDQGM










GDWD DUULYHV EHIRUH WKH UHFHLYLQJ IOLSIORS SURSHUO\ FDSWXUHV WKH GDWD IRU WKH SUHYLRXV
FORFN HGJH FDXVHV WKH UHFHLYLQJ IOLS IORS WR IDOO LQWR D PHWDVWDEOH VWDWH 7KLV W\SH RI





























7UDGLWLRQDOO\ FORFN VLJQDO LV GLVWULEXWHG E\ D WUHH QHWZRUN ZKLFK LV FKDUDFWHUL]HG E\





+HQFH WUHH WRSRORJ\ LV D ORZ SRZHU VROXWLRQ WR GLVWULEXWH FORFN VLJQDO ZKLOH HDVLQJ
G\QDPLF FORFN JDWLQJ  +RZHYHU WKH WUHH WRSRORJ\ VDFULILFHV WKH FORFN QHWZRUN
UREXVWQHVV ,Q JHQHUDO FORFN WUHHV DUH PRUH YXOQHUDEOH WR MLWWHU DQG SURFHVV YDULDWLRQ
LQGXFHG VNHZ ,W LV ZHOO LOOXVWUDWHG LQ >@ WKDW HYHQ DQ H[DFW ]HUR VNHZ FORFN WUHH
QHWZRUNFDQKDYHDJUHDWGHDORIVNHZFDXVHGE\YDULDELOLW\RILQWHUFRQQHFWVDQGEXIIHUV
DORQJSDWKV
6LPSOHVW VW\OH RI FORFN WUHH GLVWULEXWLRQ LV DQ +WUHH  +WUHH XVHV D UHFXUVLYH ³+´
URXWLQJSDWWHUQDQGLQVHUWVEXIIHUVDWWKHUHJXODULQWHUYDOVLQWKHKLHUDUFK\$VVKRZQLQ
)LJXUH  WKH SDWK IURP FORFN VRXUFH WR DOO OHDYHV LQ +WUHHV DUH SHUIHFWO\ EDODQFHG
ZKLFK SURYLGH ]HUR VNHZ FORFN GHOLYHUDQFH +RZHYHU VNHZ FDQ VWLOO EH LQWURGXFHG E\
LQWUDGLHVRXUFHRIYDULDWLRQDVVWXGLHGLQ>@+WUHHLVDUHJXODUSDWWHUQWUHHZKLFKLV








7R DFFRPPRGDWH QRQXQLIRUPLW\ LQ VLQN GLVWULEXWLRQ DQG WKHLU ORDGLQJ FDSDFLWDQFH
EDODQFHGPHUJHGFORFNWUHHVRIIHUHTXDOGHOD\WRFORFNVLQNVDVGHSLFWHGLQ)LJXUH$V
VXFKDQDUELWUDU\GLVWULEXWHGFORFNVLQNVDUHFRQQHFWHGE\DWUHHZKHUHWKHFORFNVRXUFH











0DQ\KLJKSHUIRUPDQFHGHVLJQVXVHQRQWUHH WRSRORJ\ WR LPSURYHSHUIRUPDQFH LQ WKH
SUHVHQFH RI SURFHVV YDULDWLRQ  1RQWUHH GLVWULEXWLRQ XVXDOO\ LV XVHG LQ D K\EULG
KLHUDUFKLFDO VWUXFWXUH ZKHUH WKH WRS OHYHO FORFN VLJQDO LV VWLOO GLVWULEXWHG ZLWK D WUHH
VWUXFWXUHEXW WKH OHDYHVRI WKH WUHH LVFRQQHFWHGE\ ORZUHVLVWDQFHVSLQHV >@>@RUD
IXOOPHVK>@>@>@ZKLFKFRYHUVWKHFKLSDUHD%\SURYLGLQJPXOWLSOHGULYLQJSDWKV
WRFORFNVLQNVWKHPHVKDQGVSLQHVFRPSHQVDWHIRUWKHGLIIHUHQFHRIGHOD\EHWZHHQIOLS
IORSV KHQFH VNHZ LV HIIHFWLYHO\ UHGXFHG +RZHYHU WKH\ FRQVXPH VLJQLILFDQWO\ PRUH
SRZHU WKDQ WUDGLWLRQDO WUHHV  %HVLGHSRZHUXVLQJ D ILQHPHVK WR FRYHU WKH HQWLUH FKLS
DUHDUHTXLUHVVLJQLILFDQWURXWLQJUHVRXUFHVDQGVHULRXVO\LPSDFWVWKHRYHUDOOURXWDELOLW\RI
DGHVLJQ$OVRQHLWKHUPHVKHVQRUVSLQHVDOORZVNHZWREHLQWHQWLRQDOO\XVHGWRLPSURYH








7KHREMHFWLYHRIFORFN WUHH V\QWKHVLV LV WRFUHDWHDEXIIHUHG URXWHG WUHH VXFK WKDW WKH
VNHZDQGWRWDOSRZHULVPLQLPL]HG/HW ܵ ൌ ሼݏଵ  ? ݏଶ  ?  ? ?ݏଵ௡ሽ ك ܴଶEHWKHVHWRIQFORFN
VLQNV LQ D 0DQKDWWDQ SODQH (DFK FORFN VLQN VL LV DVVRFLDWHG ZLWK D FDSDFLWDQFH FL DQG
FRRUGLQDWHV[L\L7KHDEVWUDFWWRSRORJ\RIWKHVHW6 ௧ܶሺܵሻLVDURRWHG6WHLQHUWUHHZLWK
WKHOHDYHVFRUUHVSRQGLQJWRWKHFORFNVLQNVLQ67KH,QWHUQDOQRGHVUHIHUUHGDV6WHLQHU











WKH FRRUGLQDWHV LQ 0DQKDWWDQ SODQH WR IRUP D PDSSHG WRSRORJ\ ௠ܶሺܵሻ  ௠ܶሺܵሻ LV WKH
DEVWUDFW HPEHGGHG WUHH LQ ZKLFK DOO FORFN WUHH HGJHV DUH DEVWUDFWHG RQ D VLQJOH SODQH







VLJQDO GHOD\ WKURXJK ZLUHV %HFDXVH LQGXFWLYH HIIHFWV DUH QHJOLJLEOH IRU ZLUHV LQVLGH D
9/6,FKLSXS WR IHZ*LJDKHUW]FORFNIUHTXHQF\PDQ\DSSUR[LPDWLRQPRGHOVHVWLPDWH
WKHGHOD\RIWKHLQWHUFRQQHFWZLUHVXVLQJILUVWPRPHQWVRIWKHGHOD\UHVSRQVHIRUDQ5&
QHWZRUN 7KH (OPRUH GHOD\ >@ PRGHO ZKLFK RQO\ XVHV WKH ILUVW PRPHQW RI WKH GHOD\
UHVSRQVH RI WKH 5& QHWZRUN FRXOG HDVLO\ HVWLPDWH ODWHQF\JURZLQJ WUHQGV GXULQJ WKH
FORFN WUHH FRQVWUXFWLRQ +RZHYHU GXH WR WKH LQVXIILFLHQW DFFXUDF\ RI WKH GHOD\ PRGHO









FORFN WUHH FDQ EH PRGHOHG DV DQ 5& WUHH DV GHSLFWHG LQ )LJXUH   7KH GHOD\ RI WKH
VLJQDOWUDYHOLQJIURPDQRGHZWRDQRGHNLVFRPSXWHGE\>@














0HWKRG RI PHDQV DQG PHGLDQ >@ LV D WRSGRZQ PHWKRG WKDW UHFXUVLYHO\ GLYLGH WKH
UHJLRQWRWZRVXEUHJLRQVRIIDLUO\HTXDOVL]HEDVHGRQPHGLDQVLQNORFDWLRQVLQ\DQG[
GLPHQVLRQ DOWHUQDWLYHO\ 0HDQ ORFDWLRQ RI WKH RULJLQDO UHJLRQ DQG WKH WZR FUHDWHG VXE
UHJLRQ LV VSHFLILHG 7KH PHDQ ORFDWLRQV RI WKH VXEUHJLRQV DUH FRQQHFWHG WR WKH PHDQ


ORFDWLRQ RI WKH RULJLQDO UHJLRQ 7KH SURFHVV LV UHSHDWHG XQWLO HDFK VXEUHJLRQ KDV
PD[LPXP WZR VLQNV ,Q WKH PHWKRG RI PHDQV DQG PHGLDQ VNHZ LV RQO\ PLQLPL]HG
KHXULVWLFDOO\ E\ DWWHPSWLQJ WR EDODQFH WKH FORFN WUHH DW HYHU\ OHYHO RI KLHUDUFK\ 7KLV
SURFHGXUH LV LOOXVWUDWHG LQ )LJXUH   000 GRHV QRW QHFHVVDULO\ UHVXOW LQ ]HUR VNHZ
GLVWULEXWLRQ EXW WKH 000 FRQVWUXFWHG WUHHV XVH YHU\ ORZ ZLUH OHQJWK 7KH UXQ WLPH










7KH 000 DOJRULWKP XVHV WRSGRZQ SDUWLWLRQLQJ DQG FDQ SRWHQWLDOO\ LJQRUH ORFDO
RSWLPDOPDWFKLQJ LQ WUHH FRQVWUXFWLRQ$OVR LW GRHVQRW FRQVLGHU WKHGHOD\ EDODQFLQJ WR
GHWHUPLQH WKH WDSSLQJSRLQWV 7KH*HRPHWULF0DWFKLQJ$OJRULWKP*0$>@XVHVD
UHFXUVLYH ERWWRPXS DSSURDFK WR PHUJH WKH EHVW JHRPHWULFDOO\ PDWFKLQJ FDQGLGDWHV LQ
FORFNWUHHFRQVWUXFWLRQ8VLQJDQ\ELSDUWLWHPDWFKLQJDOJRULWKP*0$VHOHFWV௡ଶSDLUVRI
WKHQHQGSRLQWV $VVKRZQLQ)LJXUH WKHDOJRULWKPFRQVWUXFWVDVHWRI ௡ଶVHJPHQWV
FRQQHFWLQJ WKH Q HQGSRLQWV SDLUZLVH VXFK WKDW QR WZR VHJPHQWV VKDUH DQ HQGSRLQW
7DSSLQJ SRLQWV DUH GHWHUPLQHG RQ HYHU\ FRQVWUXFWHG VHJPHQW  $ WDSSLQJ SRLQW LV





ZKLFK FDQ UHVXOW LQ XQZDQWHG VNHZ  2Q WKH RWKHU KDQG WKH JHRPHWULF PDWFKLQJ
DOJRULWKPGRHVQRWNQRZKRZVXEWUHHVZLOOEHPHUJHGIXUWKHUXSLQWKHKLHUDUFK\ZKLFK





















WR FKRRVH RQH ORFDWLRQ IRU HYHU\ LQWHUQDO QRGH VXFK WKDW WKH WRWDO ZLUHOHQJWK LV




$ FROOHFWLRQ RI SRLQWV DW WKH VDPH 0DQKDWWDQ GLVWDQFH IURP D JLYHQ SRLQW IRUP D
0DQKDWWDQ FLUFOH 7KH VKDSH RI WKH 0DQKDWWDQ FLUFOH LV D GHJUHH WLOWHG VTXDUH  7KH
ORFXVRIWKHSRLQWVWKDWGHILQHWKHDUHDRIWKH]HURVNHZPHUJLQJRIWZRSRLQWVLVFDOOHG
PHUJLQJ VHJPHQW PV *LYHQ WZR SRLQWV V DQG V LQ WKH 0DQKDWWDQ SODQH ]HURVNHZ
PHUJLQJ SRLQWV RU PHUJLQJ VHJPHQW DUH DW WKH LQWHUVHFWLRQ RI WZR 0DQKDWWDQ FLUFOHV
)LJXUH 7KHVL]HRI WKH0DQKDWWDQFLUFOHV G DQGG LV FDOFXODWHG WREDODQFH WKH
GHOD\ IURP WKHPHUJLQJ VHJPHQW WR WKHSRLQWV V DQG V %RWKG DQGG DUH FDOFXODWHG
XVLQJ7VD\PHWKRGEDVHGRQ(OPRUHGHOD\PRGHO,Q)LJXUH' GGZKHUH'LV
WKH0DQKDWWDQGLVWDQFHEHWZHHQWKHWZRSRLQWVVDQGV1RWHWKDWVLQFHURXWLQJLVGRQH
LQ UHFWLOLQHDU GLUHFWLRQV DOO GLVWDQFHV DUH PHDVXUHG LQ 0DQKDWWDQ GLPHQVLRQ  :LWK























WKH WZR 0DQKDWWDQ FLUFOHV 7KH UDGLXV RI WKH WZR 0DQKDWWDQ FLUFOHV FDQ EH ILQG E\




ܴଵ ൌ ݎ ൈ ݀ଵ ൌ ݎ ൈ ݔܿଵ ൌ ܿ ൈ ݀ଵ ൌ ܿ ൈ ݔ
DQG ܴଶ ൌ ݎ ൈ ݀ଶ ൌ ݎ ൈ ሺܦ െ ݔሻܿଶ ൌ ܿ ൈ ݀ଶ ൌ ܿ ൈ ሺܦ െ ݔሻ
UHVSHFWLYHO\7RREWDLQ]HURVNHZEDVHGRQ7VD\PHWKRG>@GHOD\RIWKHWZRVXEWUHHV
ZLWKZLUHVHJPHQWVWRFRQQHFWWKHPPXVWEHHTXDO
ܦଵ ൅ ܴଵ ቀܿଵ ?൅ ܥଵቁ ൌ ܦଶ ൅ ܴଶ ቀܿଶ ?൅ ܥଶቁܦଵ ൅ ݎݔ ቀܿݔ ? ൅ ܥଵቁ ൌ ܦଶ ൅ ݎሺܦ െ ݔሻ ൬ܿሺܦ െ ݔሻ ? ൅ ܥଶ൰
,IWKHHTXDWLRQLVVROYHGIRUݔ



























PHUJHG LQWR WKH URRW PHUJLQJ VHJPHQW U  $IWHU WKH ERWWRPXS PHUJLQJ VHJPHQW
FRQVWUXFWLRQ LV FRPSOHWHG WKH URRW ORFDWLRQ LV FKRVHQRQDQ\GHVLUHGSODFHRQ WKH URRW


PHUJLQJ VHJPHQW  )RU HYHU\ LQWHUQDO QRGH WKH FORVHVW SRLQW RI WKH FRUUHVSRQGLQJ
PHUJLQJ VHJPHQW WR WKH SDUHQW ORFDWLRQ LV HPEHGGHG  7KLV SURFHGXUH LV UHSHDWHG LQ
EUHDGWKILUVWWUDYHUVDOPDQQHUXQWLODOOVLQNVDUHUHDFKHG)LJXUHE7KHUHVXOWLQJ





















'HVSLWH WKH WKHRUHWLFDO DGYDQWDJHV RI '0( EDVHG FORFN URXWHUV WKH\ DUH QRW DV
LQIOXHQWLDODVWKHWUDGLWLRQDO+WUHHRUPHVKVWUXFWXUHV,QDQHIIRUWWRDGGUHVVVRPHRIWKH
SUDFWLFDO LVVXHV LQ '0(  .DKQJ HW DO H[WHQGHG WKH WUDGLWLRQDO IRUPXODWLRQ VR WKDW WKH
UHVXOWLQJDOJRULWKPFDQDGGUHVVREVWDFOHDYRLGDQFHDQG FORFNURXWLQJIRUYDU\LQJ OD\HU
SDUDVLWLFZLWKQRQH±]HURYLDUHVLVWDQFH>@$VVXPLQJDSDUWLFXODUURXWLQJSDWWHUQ+9






IRUPXODWLRQ IDLOV LI VRPH ZLUH VHJPHQWV DUH URXWHG ZLWK =VKDSH RU ZLWK D GLUHFW
FRQQHFWLRQQREHQG$OVRWKHLUZRUNLVQRWJXDUDQWHHGWRDFKLHYHWKHRSWLPXPQXPEHU
RIEHQGVIRUDFORFNWUHH,Q>@DPHWKRGLVSURSRVHGWRGHWHUPLQHWKHPHUJLQJUHJLRQ
RI D 6WHLQHU QRGH LQ D URXWLQJ SODQH XQGHU REVWDFOH FRQVWUDLQWV 7KH SURFHGXUH ZDV
LQFRUSRUDWHG LQWR WKH ILUVW SKDVH RI '0( WR JHW WKH PHUJLQJ UHJLRQV +RZHYHU WKH
OLPLWDWLRQ RI VXFK D SURFHGXUH LV WKDW LW FRQVLGHUV RQO\ SDUWV RI WKH PHUJLQJ UHJLRQV
&RQVHTXHQWO\ VRPH SRVVLEOH 6WHLQHU SRLQWV DUH HOLPLQDWHG ZKLFK FRXOG OLPLW WKH
FDSDELOLW\RI'0(WRUHGXFHWKHZLUHOHQJWKIXUWKHU+DNVX.LPHWDOVXJJHVWHGWKDWWKH
REVWDFOH FDQEH WUHDWHG E\ GHYLVLQJD VHW RI UXOHV WR JR DURXQG LW >@ 7KHVH UXOHV DUH
DSSOLHGIRUDSODQDUFORFNWUHH+RZHYHU WKHREVWDFOHLVQRWFRQVLGHUHGGXULQJPHUJLQJ
VHJPHQW GHWHUPLQDWLRQ 7KLV LPSOLHV WKDW WKH LPSDFW RI WKH REVWDFOH RQ WKH WRWDO ZLUH
OHQJWK KDV EHHQ QHJOHFWHG 0RUH UHFHQWO\ +DLGDU HW DO LQWURGXFHG WKH 6KRUWHVW 3DWK
3RO\JRQ 633 WR GHVFULEH DOO VKRUWHVW SDWKV EHWZHHQ WZR SRLQWV LQ WKH SUHVHQFH RI
REVWDFOHV>@7KH\LQFRUSRUDWHG633PRGHOLQ'0(DOJRULWKPWRKDQGOHWKHREVWDFOHV
GXULQJ WKH ERWWRPXS PHUJLQJ VHJPHQW 6RPH ZRUNV KDYH EHHQ SURSRVHG WR GHDO ZLWK
LQFUHPHQWDO HQJLQHHULQJ FKDQJH LQ SRVW FORFN GLVWULEXWLRQ V\QWKHVLV +DLGDU HW DO
VXJJHVWHG DQ LQFUHPHQWDO ZLUH DGMXVWPHQW DOJRULWKP $:$ WR WXQH DQ\ JLYHQ ELQDU\











GLIIHUHQW IURP JHQHUDO VLJQDO EXIIHULQJ ,QVWHDG RI GHOD\ FORFN VNHZ LV WKH SULPDU\
REMHFWLYH +RZHYHU VOHZ UDWHV DQGSRZHU FRQVXPSWLRQDUH DOVR LPSRUWDQW FRQVWUDLQWV
&ORFNQHWZRUNVDUHDOVRW\SLFDOO\PXFKODUJHUWKDQVLJQDOQHWVZKLFKPDNHVWKHJHQHUDO
EXIIHULQJPHWKRGVLPSUDFWLFDOWRXVHLQFORFNGLVWULEXWLRQQHWZRUN
7KH IXQGDPHQWDO G\QDPLFSURJUDPPLQJ SDUDGLJPXVHG LQ JHQHUDO VLJQDO EXIIHULQJ LV























SURSRVHGDKHXULVWLF WKDWDOORZVDQXQHTXDOEXW OLPLWHGEXIIHUVNHZ +RZHYHU LWZDV






















WKDW WKH\ LQWURGXFH WRRPDQ\YLDV  ,QGHHSVXEPLFURQUHJLPHYLDVQRWRQO\DIIHFW WKH
FKLSDUHDEXWDOVRLQFUHDVHWKHUHVLVWDQFHDQGUHGXFHWKHFLUFXLWUHOLDELOLW\GXHWRHOHFWUR
PLJUDWLRQ VLJQDO HFKRLQJ DQG SURFHVV YDULDWLRQV >@>@>@>@  9LDV KDYH D GLUHFW
LPSDFW RQ LQWHUFRQQHFW URXWLQJ EHFDXVH RI WKHLU ODUJH SK\VLFDO IRRWSULQW $OVR WKH\
LPSOLFLWO\DJJUDYDWHEORFNDJHVVLQFHYLDVPD\IRUFHLQWHUFRQQHFWVWRGHWRXUZKLFKIRUFHV
RWKHUVWRGHWRXUHYHQIXUWKHU>@9LDEORFNDJHLVFRQVLGHUHGWREHDSLYRWDOIDFWRUWKDW
FRXOG OLPLW PXOWLOHYHO PHWDOOL]DWLRQ DQG FKLS PLQLDWXUL]DWLRQ >@  ,Q PXOWLOHYHO
LQWHUFRQQHFW WHFKQRORJ\ YLD IDLOXUH GXH WR HOHFWURPLJUDWLRQ DQG YDULDWLRQV LQ WKH





WKDWRIPHWDORI WKHVDPHZLGWK >@+HQFHPXOWLSOHYLDVDUHRIWHQXVHG LQSDUDOOHO WR
LPSURYH UHOLDELOLW\ EXW WKH PRUH UHGXQGDQW WKH YLDV WKH ZRUVH WKH DUHD EORFNDJH
SUREOHP  ([FHVVLYH UHVLVWLYH YLDV DQG YLD IDLOXUHV FDQ VHULRXVO\ GHJUDGH WKH V\VWHP
WLPLQJ SHUIRUPDQFH DQG WKH\ EHFRPH PRUH SUHYDOHQW ZLWK WKH FKLS PLQLDWXUL]DWLRQ
7KHVH YLD SURFHVV YDULDWLRQV PDQLIHVW WKHPVHOYHV LQ FORFN XQFHUWDLQW\ ZKLFK LV WRWDOO\
XQGHVLUDEOHIRU,&PDQXIDFWXUHUV
7KH SUREOHP RI YLD PLQLPL]DWLRQ LQ FORFN QHWZRUNV KDV QRW UHFHLYHG FRQVLGHUDEOH
DWWHQWLRQ LQDFDGHPLFUHVHDUFK7UDGLWLRQDOYLDPLQLPL]DWLRQDOJRULWKPVDUHQRWVXLWDEOH
IRU UHGXFLQJ WKHQXPEHURIYLDV LQD FORFNQHWZRUN VLQFH WKH\PRGLI\ WKH WRSRORJ\RU
OD\HUVRIWKHQHWVDQGXQEDODQFHWKHFORFNWUHH>@'HOD\EDODQFLQJLVWKHPDLQUHDVRQ
WKDW VXFK PHWKRGV IDLO WR ZRUN IRU FORFN QHWZRUNV $FFRUGLQJ WR WKH DXWKRUCV EHVW
NQRZOHGJHWKHRQO\ZRUNWKDWH[SOLFLWO\DGGUHVVHVWKHYLDPLQLPL]DWLRQLQFORFNURXWLQJ
ZDV SURSRVHG E\ &KXQ+DR HW DO >@ 7KH\ SURSRVHG Ȝ*HRPHWU\ URXWLQJ WR LPSURYH
ZLUHOHQJWKRSWLPL]DWLRQ,QWKHLUDSSURDFKPHWDOOD\HURUGHULQJDQGOD\HUDVVLJQPHQWDUH
XVHG WR PLQLPL]H YLD FRVW LQ WKH ȜJHRPHWU\ '0( DOJRULWKP 7KH DOJRULWKP GRHV QRW
ZRUNIRU0DQKDWWDQJHRPHWU\SUHIHUUHGGLUHFWLRQFORFNURXWLQJDQGIDLOVWRPLQLPL]HYLD
FRVWEHFDXVHLWRQO\FRQVLGHUVWKHEUDQFKHVDQGUHDOL]HVHDFKFORFNHGJHZLWKRQHEHQG








9LD PLQLPL]DWLRQ LV GRQH LQ WKH GHWDLO URXWLQJ SKDVH XVLQJ OD\HU DVVLJQPHQW >@




SODQDU DSSURDFK IRU WKHLU FORFN QHWZRUN $OVR SUHIHUUHG GLUHFWLRQ OD\HU URXWLQJ LV WKH
PRVWH[WHQVLYHO\XVHGVFKHPHIRULQWHUFRQQHFWURXWLQJWRUHGXFHWKHLPSDFWRIFURVVWDON
QRLVH IRU DGMDFHQW OD\HUV >@ 7KLV DFWXDOO\ PHDQV HYHQ D VLPSOH FORFN GLVWULEXWLRQ
QHWZRUN VKRXOG HYHQWXDOO\ EH UHDOL]HG XVLQJ GLIIHUHQW PHWDO OD\HUV ,Q WKH SUHIHUUHG
GLUHFWLRQURXWLQJVFKHPHZKLFKLVZLGHO\XVHGLQWKHLQGXVWU\HDFKZLULQJSODQHLVXVHG
SUHGRPLQDQWO\LQHLWKHUWKH;RUWKH<GLUHFWLRQ&RUQHUVDQGEHQGVLPSO\VZLWFKLQJRI
OD\HUV KHQFH UHTXLULQJ WKH XVH RI YLDV>@>@>@ 7KHUHIRUH WR UHGXFH WKH QXPEHU RI
YLDVWKHQXPEHURIEHQGVIRUHDFKZLUHQHHGVWREHFRQWUROOHG
1RWH WKDW WKH '0( DOJRULWKP RQO\ GHWHUPLQHV WKH ORFDWLRQV RI WKH LQWHUQDO QRGHV
KRZHYHU WKH JHRPHWULF OD\RXW RI WKH HGJHV DUH QRW VSHFLILHG 7KHUH DUH VWLOO FHUWDLQ
GHJUHHV RI IUHHGRP LQ WRS GRZQ HPEHGGLQJ SKDVH 7KH DOJRULWKP GRHV QRW SURYLGH
SUHFLVHLQIRUPDWLRQRIHPEHGGLQJDQLQWHUQDOQRGHZKHQWKHDOJRULWKPILQGVDQRQ]HUR








QRGHY WR LWVSDUHQW3DQG LVFDOFXODWHG LQERWWRPXS'0(SKDVH WRSUHVHUYH WKH]HUR































$ URXWLQJ DUHD WKDW GHILQHV WKH SRWHQWLDO URXWLQJ UHJLRQ RI WZR PHUJLQJ VHJPHQWV LV
FDOOHGWKH6KRUWHVW3DWK5RXWLQJ5HJLRQ7KH6KRUWHVWSDWKURXWLQJUHJLRQRIWZRPHUJLQJ
VHJPHQWV ODQG ODFFRPPRGDWHVDOOPLQLPXPURXWLQJSDWKV WKDWFRQQHFW WKHPHUJLQJ
VHJPHQWVOWRWKHPHUJLQJVHJPHQWO6KRUWHVWSDWKURXWLQJUHJLRQERXQGDULHVFRQVLVWRI
HLWKHU0DQKDWWDQ DUFVRU UHFWLOLQHDU OLQHV7KLVSURSHUW\ LV GXH WR WKH IDFW WKDW VORSHRI
PHUJLQJVHJPHQWVFDQEHRQO\DQGWKHUHIRUHWKHUHDUHMXVWIRXUW\SHVRIVKRUWHVW

























HQGSRLQWV KHDGDQG WDLO$VVXPH  ݈௛DQG ݈௧DUH WKH WZRSRLQWVFRUUHVSRQGLQJ WRKHDG
DQG WDLO SRLQWV RI WKH DUF O UHVSHFWLYHO\ ሺ݈௫௛  ? ௬݈௛ DQG ሺ݈௫௧  ? ௬݈௧ ሻ DUH WKH FRRUGLQDWHV RI WKH
KHDG SRLQW ݈௛  ?DQG WKH WDLO SRLQW݈௧  $ SRLQW S GHILQHG E\ LWV [ DQG \
FRRUGLQDWHVሺ݌௫  ? ݌௬ሻLVWREHURXWHGWRWKHDUFOZLWKPLQLPXPZLUHOHQJWKLQ0DQKDWWDQ
SODQH  ,Q WKH 0DQKDWWDQ SODQH DQ\ ZLUH FDQ EH URXWHG XVLQJ RQO\ UHFWLOLQHDU ZLUH
VHJPHQWV 7KH DUF O GLYLGHV WKH 0DQKDWWDQ SODQH LQWR  UHJLRQV DV VKRZQ LQ )LJXUH
D$Q\SRLQWLQWKHIRXUVKDGHGUHJLRQVFDQRQO\EHURXWHGWRWKHDUFOZLWKDWOHDVW
RQHEHQGDVVKRZQLQ)LJXUHE7KHQRWDWLRQࡻ࢔ࢋ࡮ࢋ࢔ࢊࡾࢋࢍሺ࢒ሻUHIHUVWRWKHXQLRQ
RIDOO WKH  IRXUVKDGHGUHJLRQVFRUUHVSRQGLQJ WR WKHDUF O2QWKHRWKHUKDQGDQ\SRLQW
WKDWLVQRWORFDWHGLQܱ݊݁ܤܴ݁݊݀݁݃ሺ݈ሻFDQVLPSO\EHURXWHGWRWKHDUFOZLWKRXWDQ\EHQG
DV LOOXVWUDWHG LQ )LJXUH F $FFRUGLQJO\ WKH FRPPRQ DUHD RI ܱ݊݁ܤܴ݁݊݀݁݃ሺ݈ሻ
DQGܱ݊݁ܤܴ݁݊݀݁݃ሺ݈ᇱሻ ZKLFK ZLOO EH FDOOHGࡱ࢚࢞࢘ࢇ࢈ࢋ࢔ࢊࡾࢋࢍ࢏࢕࢔ሺ࢒ ? ࢒ᇱሻ LV WKH ORFXV RI
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 Minimum Bend Zero Skew Tree 

7KHSURSRVHGPHWKRG IRUPLQLPXPEHQG]HURVNHZFORFN WUHHV LVVLPLODU WR WKHZHOO
NQRZQ'0(DSSURDFKEXWGXULQJWKHERWWRPXSSKDVHWKHDOJRULWKPSUXQHVDZD\SDUWV
RI WKH PHUJLQJ VHJPHQWV ZKLFK PD\ FDXVH H[WUD EHQGV  ,Q WKH WRS GRZQ SKDVH WKH





VXEWUHHKDV ]HUR VNHZ DQGPLQLPXPZLUH OHQJWK(YHU\ WDSSLQJSRLQW HPEHGGHGRQD
PHUJLQJ VHJPHQW KDV ]HUR VNHZ SURSHUW\ 7KHUHIRUH '0( NHHSV WKH ZKROH PHUJLQJ
VHJPHQW DV WKH SRVVLEOH SODFH IRU WKH WDSSLQJ SRLQW '0( GHIHUV HPEHGGLQJ WKH H[DFW
ORFDWLRQRIWKHWDSSLQJSRLQWXQWLOLWFRPSOHWHO\FRQVWUXFWVWKHWUHHRIPHUJLQJVHJPHQWV





































WR VPDOOHU RQHV 7KH SDUWV RI WKH PHUJLQJ VHJPHQW WKDW PDNH PRUH WKDQ RQH EHQG DUH
HOLPLQDWHGDQGWKHUHPDLQLQJSDUWVDUHSUHVHUYHGIRUWKHQH[WVWHS
$VVXPHODQGOƍDUHWZR0DQKDWWDQDUFVFRUUHVSRQGLQJWRWZRVLEOLQJQRGHVDDQGELQ











/HW06DDQG06EEHWZRVHWVRI PHUJLQJVHJPHQWVDVVRFLDWHGZLWK  WKHLQWHUQDO
QRGHVDDQGEUHVSHFWLYHO\7KHSDUHQWVD\YRIDDQGELQFORFNWUHHWRSRORJ\KDVDV
PDQ\ DV ȁܯܵሺܽሻȁ ൈ ȁܯܵሺܾሻȁSRVVLEOH PHUJLQJ VHJPHQWV GXH WR WKH PHUJLQJ RI HDFK
VHJPHQWPVLDא06DZLWKHDFKPHUJLQJVHJPHQW  PVMEא06E 7KHQXPEHURI
PHUJLQJ VHJPHQWV PD\ JURZ H[SRQHQWLDOO\ GXULQJ ERWWRPXS FRQVWUXFWLRQ RI PHUJLQJ
VHJPHQWV 7R DFKLHYH DQ HIILFLHQW LPSOHPHQWDWLRQ ZH OLPLW WKH QXPEHU RI PHUJLQJ
VHJPHQWVRIDQLQWHUQDOQRGHE\DFRQVWDQWVD\N$VLPSOHJUHHG\VWUDWHJ\IRUFKRRVLQJ
WKHEHVWNPHUJLQJVHJPHQWVLVWRVHOHFWNPHUJLQJVHJPHQWVZLWKWKHVPDOOHVWWRWDOZLUH















Procedure: Modified_BottomUpTree_Construction ( A , B )  
Input: Two Sets of Merging Segments A and B to be 
merged  
Output : A Set of merging segment V 
1. for each merging segment aiא A and bjא B 
        1.1 vrіDǌĞƌŽƐŬĞǁŵĞƌŐŝŶŐĨŽƌĂi and bj 
          1.2 sіDĞƌŐŝŶŐ^ƉůŝƚƚŝŶŐ^ĞŐŵĞŶƚ ?ǀr , ai , bj ) 
2. Prune V such that it contains only k merging segments 
with smallest total wirelength.  








Procedure: MergingSegmentSplitting ( v , a , b ) 
Input: A Merging Segment v , its left and right child merging 
segment, a and b. 
Output: A Set of merging segments, V , that contains all 
merging segments that can accommodate only one bend 
merging points.   
1. ǆƚƌĂĞŶĚZĞŐŝŶ ?Ă ?ď ?іKŶĞĞŶĚZĞŐ ?Ă ?ŀ OneBendReg(b) 
2. if v ŀ ǆƚƌĂĞŶĚZĞŐŝŽŶ ?Ă ?ď ?т׎  , then 
2.1 Split the merging segment v into new segments vi    
2.2 For each vi  do 
         2.2.1 if vi א ExtrabendRegion ( a , b ), eliminate vi  





$OVR OHWPVY EH WKH VHW RI DOO SODFHPHQWV ZKLFKDOORZPLQLPXPPHUJLQJ FRVWZLWKLQ
GLVWDQFH _HD_ RI PVD DQG _HE_ RI PVE ,Q WKH ZRUVW FDVH 6HJPHQW 6SOLWWLQJ 6FKHPH LV
JXDUDQWHHGWRILQGD]HURVNHZPHUJLQJSRLQWYRQPVYWKDWFDQEHURXWHGUHFWLOLQHDUO\
WRLWVFKLOGVHJPHQWVPVDDQGPVEZLWKDWPRVWRQHEHQG
3URRIZLWKRXWHORQJDWLRQGPVDPVE  _HD_ _HE_ZKHUHGPVDPVEGHQRWHV
WKH0DQKDWWDQGLVWDQFHEHWZHHQPVDDQGPVE WKHUHIRUH DQ\ZLUH WKDWPHUJHPVD
DQGPVEZLWK]HURVNHZFDQEHURXWHGLQWKHVKRUWHVWSDWKURXWLQJUHJLRQRIPVDDQG
PVE ZKLFK LV DOZD\V ERXQG ZLWK HLWKHU 0DQKDWWDQ DUFV  RU  UHFWLOLQHDU VHJPHQWV $









3URRI /HW * EH D EDODQFHG ELQDU\ WUHH WRSRORJ\ DQG VXSSRVH WKDW D DQG E DUH WZR
VLEOLQJ QRGHV LQ 7 ZLWK SDUHQW Y 'XH WR /HPPD  WKH VHJPHQW VSOLWWLQJ DOJRULWKP





 Simultaneous Wire Sizing 

7KHSURSRVHGDOJRULWKPJXDUDQWHHVWRPHUJHWZRVLEOLQJQRGHVZLWKDWPRVWRQHEHQG
,Q WKHFORFN WUHHJHQHUDWHGE\RXUPHWKRGHYHU\ LQWHUQDOQRGH LV URXWHG WR LWVFKLOGUHQ
ZLWK DW PRVW RQH /6KDSHG SDWWHUQ RQHEHQG URXWH  7KH QXPEHU RI EHQGV ZRXOG EH
PLQLPL]HG IXUWKHU LI D 6WHLQHU SRLQW LQ WKH FORFN WUHH FRXOG EH FRQQHFWHG WR LWV ERWK
FKLOGUHQZLWKHLWKHUDKRUL]RQWDORUDYHUWLFDOZLUHVHJPHQW+HQFHWKHHPEHGGLQJSRLQWV
PXVW EH WDNHQ IURP 6WHLQHU ORFL ZKLFK FDQ DFFRPPRGDWH EHQG IUHH PHUJLQJ SRLQWV $
EHQG IUHH PHUJLQJ SRLQW FDQ EH URXWHG GLUHFWO\ WR ERWK RI LWV FKLOGUHQ ZLWK RQO\ RQH
























FDQ GUDPDWLFDOO\ UHGXFH WKH FORFN SKDVH GHOD\ :KHQ ZLUH ZLGWKV DUH FRQVLGHUHG DV












D DQG E ZLWK ]HUR VNHZ XVLQJ DW PRVW RQHEHQG 7R DFKLHYH EHQG IUHH PHUJLQJ WKH
EUDQFK WXQLQJ VXEURXWLQH GHWHUPLQHV WKH PLQLPXP VKLIW UHTXLUHG IRU PVY WRZDUGV D
EHQGIUHHPHUJLQJUHJLRQ$FFRUGLQJO\_OD_DQG_OE_HGJHOHQJWKIURPWKHQRGHYWRDDQG
WREDUHXSGDWHGDQGWKHDOJRULWKPZLOOXVHWKHQHZHGJH¶VOHQJWKVWRILQGWKHZDDQGZE





ݓ௕ ൌ ݈௕ݎ଴ܥሺܾሻ൫ݐሺܽሻ െ ݐሺܾሻ൯ ൅ ݎ଴ܿ଴ ? ൫݈௔ଶ െ ݈௕ଶ൯ ൅ ݈௔ݎ଴ܥሺܽሻݓ௔ 

:KHUHODOEDQGZDZEDUHWKHOHQJWKDQGZLGWKRIWKHZLUHIURPYWRDEDQGUDQG
F DUH WKH ZLUH UHVLVWDQFH DQG FDSDFLWDQFH IRU DQ XQLW OHQJWK DQG ZLUH ZLGWKݐሺܽሻݐሺܾሻ1WKHFORFNGHOD\IURPWKHQRGHVDDQGEWRDOOOHDYHVLQWKHVXEWUHH












WKHLU IHDVLEOH ZLGWKV :H DVVXPH LQGXVWU\ LPSRVHG UHVWULFWLRQV IRU WKH PLQLPXP DQG



















:HLPSOHPHQWHG WKH WUDGLWLRQDO'0(DQGRXUPRGLILHG'0(RQDQ LQLWLDO WRSRORJ\
REWDLQHGE\WKH000DOJRULWKP:HTXDQWLILHGWKHQXPEHURIEHQGVLQERWKWKHRULJLQDO
DQG WKH PRGLILHG '0( 7KH EHQFKPDUNV U WR U DUH WDNHQ IURP >@ 7KH SHU XQLW
VTXDUHZLUHUHVLVWDQFHDQGFDSDFLWDQFHXVHGDUHDQGI)UHVSHFWLYHO\ 7KH
PLQLPXPDQGPD[LPXPIHDVLEOHZLUHZLGWKVDUHPDQGPUHVSHFWLYHO\)RUHDFK
EHQFKPDUNZHILUVWTXDQWLILHG WKH WRWDOQXPEHURIEHQGV LQ WKHFORFN WUHHIRU WKH'0(
DQGRXUQHZDSSURDFK7RWDOZLUHOHQJWKDQGWRWDOFDSDFLWDQFHDUHDOVRPHDVXUHGIRUERWK
DOJRULWKPV7DEOHVDQGVKRZWKHUHVXOWVRIWKHVLPXODWLRQIRUERWK'0(DQG
WKH PRGLILHG DOJRULWKP ,W FDQ EH VHHQ WKDW DIWHU DSSO\LQJ WKH PRGLILFDWLRQV DOO 6WHLQHU
SRLQWVPHUJHGWRWKHLUWZRFKLOGUHQZLWKDWPRVWRQHEHQG7KH5HVXOWVVKRZDOPRVW
 UHGXFWLRQV LQ ³EHQG QXPEHU´ ZLWK RQO\  LQFUHDVH LQ WRWDO FDSDFLWDQFH ZKLFK LV
SUDFWLFDO VLQFH WKHFORFN WUHH LVQR ORQJHU URXWHGXVLQJRQO\PLQLPXPZLUHZLGWK IURP
URRWWRDOOOHDYHV:LUHWDSHULQJUHGXFHVWKHURRWOHDISKDVHGHOD\E\DOPRVWZKLFK
FDQ DOOHYLDWH WKH LPSDFW RI SURFHVV YDULDWLRQ RQ WKH FORFN VNHZ ,Q WKLV DOJRULWKP WKH










%HQFKPDUNV U U U U U
1XPEHURIFORFNSLQV     
7RWDO:LUH/HQJWKî     
7RWDOWUHHFDSDFLWDQFHS)     
7RWDOEHQGQXPEHU     
7ZR%HQG%UDQFKHV     




%HQFKPDUNV U U U U U
1XPEHURIFORFNSLQV     
7RWDO:LUH/HQJWKî     
7RWDOWUHHFDSDFLWDQFHS)     
7RWDOEHQGQXPEHU     
7ZR%HQG%UDQFKHV     





%HQFKPDUNV U U U U U
1XPEHURI%HQG5HGXFWLRQ     
3KDVHGHOD\5HGXFWLRQ     














PLQLPL]HV WKH QXPEHU RI YLDV 7R FRQWURO WKH QXPEHU RI EHQGV DVVRFLDWHG ZLWK ZLUH
VHJPHQWV URXWHV DUH FRQVLGHUHG WREHRI /SDWWHUQ3DWWHUQ URXWLQJZRXOGDOVR LQFUHDVH
WKHSUHGLFWDELOLW\RI WKH FORFN URXWLQJVXFK WKDW WKH ILQDOFORFN WUHH OD\RXW VSHFLILFDWLRQ
ZRXOGQRWEHVHULRXVO\GHYLDWHGIURPWKHH[SHFWHGRQH$FORFNWUHHZLWKVRIVLQNV
LQ D ORFDO UHJLRQ FRXOG EH YHU\ GHQVH LQ VRPH VHFWLRQV  +HQFH URXWLQJ RI FORFN WUHH






URXWLQJ GHPDQGV RI RWKHU QHWV  ,Q WKH FRQWH[W RI WKLV FKDSWHU URXWLQJ GHPDQG DQG
FRQJHVWLRQDUHUHIHUUHGWRWKRVHRIWKHFORFNWUHHLWVHOI
:HFRQVLGHU WKHSDWWHUQ URXWLQJGHPDQGRI WKH FORFN WUHH HGJHV LQ WKUHHPDMRU FORFN
















,Q WUDGLWLRQDO ]HURVNHZ PHUJLQJ WKH ZKROH PHUJLQJ VHJPHQW LV NHSW DV SRVVLEOH
SODFHV IRU WKH WDSSLQJSRLQW7R ILQG WKHH[DFWSODFHPHQW IRU WDSSLQJSRLQWV WUDGLWLRQDO
]HURVNHZFORFNWUHHDOJRULWKPVGHIHUWKHGHFLVLRQRIFKRRVLQJZKHUHWRPHUJHWKHWZR
VXEWUHHVXQWLOWKHSDUHQWPHUJLQJSRLQWLVGHFLGHG,QWKHRU\NHHSLQJWKHZKROHPHUJLQJ
VHJPHQW OHDGV WR RSWLPDO ZLUH OHQJWK EXW LW RYHUORRNV WKH GLIILFXOW\ RI GHWDLO URXWLQJ


'LIIHUHQW SDUWV LQ D PHUJLQJ VHJPHQW PD\ KDYH GLIIHUHQW URXWLQJ SDWWHUQV DQG URXWLQJ
TXDOLWLHV
7RFDSWXUH WKHGLIIHUHQFHRISDUWV LQPHUJLQJVHJPHQWDQGSURSDJDWH LW WR WKHXSSHU
OHYHO ZH H[SORLW D VDPSOHGEDVH LPSOHPHQWDWLRQ >@ RI WUDGLWLRQDO '0( ,QVWHDG RI
FRPSXWLQJ WKH LQWHUVHFWLRQ RI 0DQKDWWDQ DUFV FROOHFWLRQV RI PHUJLQJ SRLQWV 03 DUH
PDLQWDLQHG WKDW UHSUHVHQW HDFK PHUJLQJ VHJPHQW  7KH VHW RI PHUJLQJ SRLQWV WKDW
UHSUHVHQWDPHUJLQJVHJPHQW LV UHIHUUHG WRDVPHUJLQJSRLQWVHW 036 7RFDOFXODWHD
036 WKH WUDGLWLRQDO PHUJLQJ VHJPHQW LV FRPSXWHG IRU DOO WKH FORVHW SDLUV RI PHUJLQJ
SRLQWV03DQGWKHQVDPSOHG:KHQWKHUHDUHPRUHWKDQWZRFORVHVWSDLUVRI03VWKH










7KH SUXQLQJ GLYLGHV WKH DUHD LQWR SUR[LPLW\ JULG RI WKH XVHU VSHFLILHG UHVROXWLRQ DQG
HDFK03LVDOORFDWHGWRWKHDSSURSULDWHJULGORFDWLRQ$Q\VLQJOH03LQDJULGFDQUHSODFH
DOO RWKHU 03V WKHUHIRUH SUXQLQJ RQO\ PDLQWDLQV D OLQHDU QXPEHU RI VDPSOHV IRU HDFK
PHUJLQJVHJPHQW,WLVLPSRUWDQWWRQRWHWKDWVLQFHWKH03FDOFXODWLRQLVSDLUZLVHPDQ\
RI WKH UHVXOWLQJ PHUJLQJ VHJPHQWV ZLOO RYHUODS $V WKHUH DUH PXOWLSOH FORVHVW SDLUV RI
03V WKHUH DUH SRWHQWLDOO\ PXOWLSOH HTXDOO\ YLDEOH PLQLPXP ZLUH OHQJWK ]HUR VNHZ
VROXWLRQV DV LOOXVWUDWHG LQ )LJXUH  ,Q WKH GHWHUPLQLVWLF FDVH WKHVH VROXWLRQV DUH







:H LQWHQG WR DGGUHVV WKH FRQJHVWLRQ GULYHQ FORFN URXWLQJ ZLWK VDPSOHG PHUJLQJ
VHJPHQW VFKHPH 8QOLNH WKH WUDGLWLRQDO PHUJLQJ VHJPHQW LQ WKH VDPSOHG PHUJLQJ







UHSUHVHQWHG DV D JUDSK GHPDQG JUDSK UHIHUUHG WR DV *9J(J ZKHUH 9J  ^J  J`






























DUH QRW GHWHUPLQHG 7KHUHIRUH DOO SDWKV FDQ RQO\ EH VSHFLILHG URXJKO\ ZLWK ERXQGLQJ
ER[HV :H QHHG WR XVH D QRQGHWHUPLQLVWLF PHWKRG WR HYDOXDWH WKH GHPDQG LQ URXWLQJ
ELQV)RUH[DPSOH LQRXUQRQGHWHUPLQLVWLFPHWKRGDSDWKIURPV WR W LVUHSODFHGE\LWV
HTXLYDOHQW ERXQGLQJ ER[ݏݐ 8QOLNH WKH GHPDQG GHILQLWLRQ ZKLFK LV EDVHG RQ WKH
GHWHUPLQLVWLFZLUHURXWHVZHZLOOXVHWKHSUREDELOLVWLFGHPDQGWRLQGLFDWHWKHSRVVLELOLW\
RIZLUHV UXQQLQJDORQJDJUDSKHGJH7RFRQWURO WKHQXPEHURIEHQGV YLDVDVVRFLDWHG
ZLWK DQ\ ZLUH VHJPHQW URXWHV DUH FRQVLGHUHG WR EH RI /VKDSH ,Q RXU SUREDELOLVWLF


GHPDQG HVWLPDWLRQ D XQLIRUP SUREDELOLW\ GLVWULEXWLRQ LV DVVXPHG IRU DOO URXWHV LQ D
ERXQGLQJER[,QRWKHUZRUGVHYHU\URXWHKDVWKHVDPHOLNHOLKRRGWREHFKRVHQLQODWHU
VWDJHV7KHUHIRUHZHGHILQHWKHSUREDELOLVWLFGHPDQGIRUD/HGJHݏݐWRDGHPDQGJUDSK
HGJH E WR EH WKH SUREDELOLW\ WKDW WKH /HGJH UXQ DORQJ WKLV HGJH DQG LV UHIHUUHG
















GHOD\ PRGHO 7KH V\QWKHVL]HG FORFN WUHH FDQ EH URXWHG ZLWK D SDWWHUQ URXWHU ZLWK





QRGHV Y DQG Y DUH WDNHQ IURP . WKH SDUHQW QRGH Y LV FDOFXODWHG XVLQJ WKH ]HURVNHZ
PHUJHGHVFULEH LQFKDSWHUDQGY LVDGGHG WR.7KHDOJRULWKPUHSHDWHGO\VHOHFWV WZR












7KH URXWLQJGHPDQGRI WKHPHUJLQJ LV HYDOXDWHGE\ WKHERXQGLQJER[ݒଵݒଶതതതതതത VLQFH WKH
SDWKWKDWPHUJHVWKHWZRFDQGLGDWHVLVQRWGHWHUPLQHG
$ 0HUJLQJWZRSRLQWV








HTXDO FKDQFH WR RFFXU +HQFH WKH SUREDELOLVWLF GHPDQG݀௣௥௢௕ IRU DQ\ KRUL]RQWDO DQG
YHUWLFDOHGJHLQWKHGHPDQGJUDSKLVGHULYHGDVIROORZ














WDLO SRLQWV DW WKH ELQVሺ݄௫  ? ௬݄ሻ DQG ሺݐ௫  ? ݐ௬ሻ UHVSHFWLYHO\ ,Q RUGHU WR FDOFXODWH WKH








෍  ?ȁݐ௫ െ ݄௫ ൅  ?ȁ ൈ ݀௣௥௢௕ሺܾ ?׊௣א௟ ݒଵ݌തതതതതሻ
:KHUH ݀௣௥௢௕ሺܾ ? ݒଵ݌തതതതതሻ LV WKH SUREDELOLVWLF GHPDQG RI WKH ELQ ERXQGDU\ E GXH WR WKH
ERXQGLQJ ER[ ݒଵ݌തതതതതERXQGLQJ ER[ RI WKH URXWH IURP Y WR S  6LQFH ݀௣௥௢௕ሺܾ ?ݏ݌തതതሻ LV
HLWKHU  RU  DQG FDQ EH FRPSXWHG LQܱሺ ?ሻ IRU HYHU\ ELQ ERXQGDU\ WKH SUREDELOLVWLF
GHPDQG IRU HYHU\ ELQ ERXQGDU\ FDQ EH FRPSXWHG LQ ܱሺ݊ሻ ?ZKHUH Q LV WKH QXPEHU RI
VDPSOHV LQ WKHDUF O  $QH[DPSOH LV LOOXVWUDWHG LQ)LJXUH$QDUF O LQD WHVVHOODWHG
URXWLQJSODQHLVJLYHQDQGKDQGWDUHWKHFRRUGLQDWHVRIWKHELQVZKHUHWKHDUF




















ELQ HGJH E LQ WKH FRUUHVSRQGLQJ ERXQGLQJ ER[ ݈݈ᇱതതതLV FRPSXWHG ZLWK WKH IROORZLQJ
VXPPDWLRQRQDOO݌ଵ݌ଶതതതതതത ?ZKHUH݌ଵ݌ଶDUHVDPSOHVRQWKHDUF݈DQG݈ᇱ
෍  ?݊ ൈ ݉ ൈ ݀௣௥௢௕ሺܾ ?௣భ௣మതതതതതതത ݌ଵ݌ଶതതതതതതሻ

 Merging Selection Cost 

7KHPHUJLQJFRVWRIDSDLURIFDQGLGDWHVYDQGYFRPSULVHVRIWKHZLUHOHQJWKLQFUHDVH
FRVW DQG URXWLQJ GHPDQG FRVW  7KH DYHUDJH URXWLQJ GHPDQG RI Y DQG Y GHQRWHG E\ܣܴܦሺݒଵ  ? ݒଶሻ UHIHUV WR WKHDYHUDJHRI WKHSUREDELOLVWLFGHPDQGRIDOO HGJHV LQYROYHG LQ
WKHERXQGLQJER[RIݒଵݒଶ
:HGHILQH WKHPHUJLQJVHOHFWLRQFRVWRIYDQGYDVܯܥሺݒଵ  ? ݒଶሻ  ĮîGYYߚ ൈ݇ ൈ ܣܴܦሺݒଵ  ? ݒଶሻZKHUHGYY LV WKH0DQKDWWDQGLVWDQFHRIYDQGYĮDQGȕDUHWKH
XVHUGHILQHGZHLJKWVRI WKHZLUHOHQJWKDQGGHPDQGRYHUKHDGUHVSHFWLYHO\DQG݇ LV WKH




7KH QHDUHVW QHLJKERU JUDSK 1* LV FRQVWUXFWHG WR PDLQWDLQ WKH QHDUHVW QHLJKERU






















7KHDOJRULWKPUHSHDWHGO\VHOHFWV WZR OHDYHVRUPHUJLQJVHJPHQWVDQGPHUJHV WKHP$W
HDFK LWHUDWLRQ RI WKH DOJRULWKP WZR QRGHV YL DQG YM DUH WDNHQ IURP . 7KH VHOHFWLRQ LV
PDGH XVLQJ WKH QHDUHVW QHLJKERU JUDSK EXLOG IURP . DQG ZHLJKWHG ZLWK WKH QHZ FRVW








Algorithm  Pattern Driven Zero Skew Clock Tree Algorithm
Input: A set of sinks S={ s1,s2ǡǥǡn } 
Output: A Zero skew tree that can be L-pattern routed with 
                minimum overflowed tracks. 
1: Tessellate the routing plane into N×N bins 
2: Create the routing demand graph, DG(VDG,EDG), where VDG corresponds to  bins in 
     the tessellated routing region, ȁ ஽ܸீȁ=N2,  
3: Initialize G(VDG,EDG) by assigning the sink positions  to nodes and edge weights to 
     zero 
4: K:=S 
5: If ȁȁ=1, Stop,  else do 
6:         Create the nearest neighbor graph, NG(VNG, ENG),  on K 
              where  ȁ ேܸீȁ=ȁȁ , ENG={ e(vi, vj) | ݒ௜LVDPRQJWKHWKUHHQHDUHVWQHLJKERUVRIݒ௝ RUݒ௜LVRQHRIWKHWKUHH
QHDUHVWQHLJKERUVRIݒ௝`
7:        Apply the weight function W: ENG ՜R such that  
            w(e(vi, vj) )= ĮîGYLYMߚ ൈ ܣܴܦሺݒ௜  ? ݒ௝ሻ
8:       Select the smallest  e(vi, vj) in ENG 
9:       Calculate the parent segment, vp , from vi and  vj using  
           the zero skew merge 
10:    sample the merging segment of vp according to our 
          define grid resolution 
11:    Update the all edges in demand graph which are 
           involved in ݒపݒതതതത  and ݒݒఫതതതത 
12:    Remove vi and  vj  from K and add v to K 
13:     Go to Step 5 
)LJXUH3URFHGXUHRIPHUJLQJVHOHFWLRQ

7KH DOJRULWKP LQ )LJXUHGHIHUV HPEHGGLQJ WKHEUDQFKSRLQWVXQWLO WKH FORFN WUHH
URRW LV UHDFKHG 'XULQJ WKH ERWWRPXS WUHH FRQVWUXFWLRQ HYHU\ 6WHLQHU EUDQFK LV
UHSUHVHQWHGE\WKHVDPSOHGPHUJLQJVHJPHQW$VDPSOHGPHUJLQJVHJPHQWPDLQWDLQVD
FROOHFWLRQRIHTXDOO\YLDEOHPLQLPXPZLUHOHQJWK]HURVNHZVROXWLRQV%XWWKHVHGLIIHUHQW
VROXWLRQV PD\ KDYH GLIIHUHQW LPSDFWV LQ URXWLQJ GHPDQGV )RU H[DPSOH LQ )LJXUH 








LV FDOOHG SHDN GHPDQG RI WKH ERXQGLQJ ER[ GHQRWHG DV݌݀ሺݏݐഥ ሻ ,Q )LJXUH E݌݀ሺܽݏതതതሻDQG݌݀൫ݏܾതതത൯DUHHTXDOWRଵଶDQGUHVSHFWLYHO\:HLQWURGXFHDSDUDPHWHUFDOOHG
DFFXPXODWLYHSHDNGHPDQGܣ݀݌IRUHYHU\VDPSOHSRLQWLQWKHPHUJLQJVHJPHQWVܣ݀݌
RI D VDPSOH SRLQW LQ D PHUJLQJ VHJPHQW LV FDOFXODWHG LQFUHPHQWDOO\ IURP LWV FKLOGUHQ
GXULQJWKHERWWRPXSWUHHFRQVWUXFWLRQ,Q)LJXUHEܣ݀݌ሺݏሻFDQEHREWDLQHGE\
ܣ݀݌ሺݏሻ ൌ ܯܽݔ൛ሺ݌݀ሺܽݏതതതሻ ൅ ܣ݀݌ሺܽሻሻ ? ൫݌݀൫ݏܾതതത൯ ൅ ܣ݀݌ሺܾሻ൯ൟ

7KHSURFHGXUHLOOXVWUDWHGLQ)LJXUHFRPSXWHVWKHSDUHQWPHUJLQJVHJPHQWIRUDOO
WKH FORVHVW PHUJLQJ SRLQW SDLUV EHWZHHQ WZR FDQGLGDWHV )RU HDFK RI WKHVH SDLUV WKH
WUDGLWLRQDO PHUJLQJ VHJPHQW LV FRPSXWHG DQG VDPSOHG :KHQ WKHUH DUH PRUH WKDQ RQH































,Q WKH ERWWRPXS WUHH FRQVWUXFWLRQ DFFXPXODWLYH SHDN GHPDQG YDOXHV DUH FDOFXODWHG
LQFUHPHQWDOO\ IRU HYHU\ VDPSOH LQ WKH WUHH (DFK VDPSOH SRLQW UHPHPEHUV IURP ZKLFK















FDQEHHDVLO\H[WHQGHGWRDPRUHDFFXUDWHPRGHO7KHGLHVL]HLV  ? ൈ  ?ܿ ଶ݉DQGWKHJULG
UHVROXWLRQZDVFKRVHQVRWKDWWKHUHDUHELQVLQERWKKRUL]RQWDODQGYHUWLFDOGLUHFWLRQ
:HXVHGWZRVHWVRISDUDPHWHUIRUWKHVHOHFWLRQFRVWIXQFWLRQDVGHVFULEHGLQVHFWLRQ
 ߙ ൌ  ? ? ߚ ൌ  ?DQG ߙ ൌ  ? ? ? ? ߚ ൌ  ? ? ?ሻ7KH IRUPHUVHWRISDUDPHWHUV LV FKRVHQ WR




H[SHULPHQWDO UHVXOWV VKRZ WKH WRWDO VXERSWLPDOLW\ LV QRW VLJQLILFDQW DURXQG 
&KDQJLQJWKHZHLJKWIDFWRUVWRIDYRUWKHWUHHZLULQJFRQJHVWLRQFDQVOLJKWO\LQFUHDVHWKH
DYHUDJHZLUHOHQJWK
7KH V\QWKHVL]HG FORFN WUHH RQO\ LQFOXGHV WKH FRQQHFWLRQ WRSRORJ\ DQG WKH EUDQFKHV
:H DSSOLHG D WZRSLQ PD]HURXWHU WR FRPSOHWH WKH FORFN WUHH OD\RXW 7KH PD]H URXWHU
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U       
U       
U       
U       

7KH WRWDO ZLUH OHQJWK WKH QXPEHU RI YLDV EHQGV WKH QXPEHU RI RYHUIORZV DUH
TXDQWLILHGIRUWKHPD]HURXWHGFORFNWUHHVLQ7DEOH%RWKDOJRULWKPV*UHHG\'0(
DQG RXU SDWWHUQ GULYHQ FORFN URXWHU V\QWKHVL]H QRPLQDO ]HUR VNHZ FORFN WUHHV EXW WKH
VNHZVSHFLILFDWLRQFRXOGFKDQJHGUDPDWLFDOO\E\FRPSOHWLQJWKHFORFNWUHHOD\RXWVZLWK
WKHPD]HURXWHU7KHSRVWURXWLQJVNHZIRUWKHEHQFKPDUNVUULVLOOXVWUDWHGLQ7DEOH
 7KH SURSRVHG SDWWHUQGULYHQ FORFN WUHH FRQVWUXFWLRQ PHWKRG LV DEOH WR LQFUHDVH WKH




 U U U U U
*UHHG\
'0( SV SV SV SV SV
7KHQHZ





EHIRUH WKH PD]H URXWLQJ 7DEOH  FRPSDUHV WKH WRWDO ZLUH OHQJWK DQG WKH QXPEHUV RI
EHQGVIRU WZRWKHWZRGLIIHUHQWDOJRULWKPVDIWHUEHLQJURXWHGE\WKHPD]HURXWHU  7KH
PD]HURXWLQJJHQHUDOO\IDYRUVWKHWRWDOZLUHOHQJWKEXWLWFDQFRPSURPLVHWKHTXDOLW\RI




)RU WKH VHFRQG H[SHULPHQW WKH UHVXOWV RI RXU SDWWHUQ GULYHQ FORFN URXWLQJ DOJRULWKP
ZHUH FRPSDUHG ZLWK WKH *UHHG\'0( JHQHUDWHG VROXWLRQV E\ IHHGLQJ WKH V\QWKHVL]HG






DQG UH URXWH LWHUDWLRQV $V ZH H[SHFWHG WKH /DE\ULQWK /SDWWHUQ URXWLQJ IDYRUV WKH








WKHPDMRUDGYDQWDJHVRIRXUDOJRULWKPLV WKHIDFW WKDW LWSURGXFHVDFORFN WUHHZKLFK LV
OHVVFRPSOLFDWHGWRURXWH7KHQXPEHURIRYHUIORZLVDUDWKHUQHJOLJLEOHSUREOHPZKHQ
PD]H URXWLQJ WKHFORFN WUHH DV LOOXVWUDWHG LQ7DEOH $SSO\LQJ WKH /SDWWHUQ URXWLQJ
/DE\ULQWK LQFUHDVHV WKH QXPEHU RI RYHUIORZ WR D OHYHO WKDW FDQQRW EH LJQRUHG &ORFN
URXWLQJFRPSOHWLRQUDWHZRXOGUHGXFHZKHQWKHQXPEHURIRYHUIORZVLQFUHDVHVEHFDXVHLW
ZRXOG H[DFHUEDWH WKH EXUGHQ RI OD\RXW 7DEOH  DOVR VKRZV WKDW WKH QXPEHU RI
RYHUIORZV LV UHGXFHGGUDPDWLFDOO\ZLWK ODE\ULQWK7KHUHVXOWV LQ7DEOHDOVR LQGLFDWH




































U          
U          
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 8VLQJ )OLS)ORSV ZLWK GLIIHUHQW RSHUDWLQJ VSHHGV DV D VNHZ FRPSHQVDWLRQ
7HFKQLTXHWRFRQVWUXFW]HURVNHZHQHUJ\UHFRYHU\FORFNQHWZRUN

,Q UHIHUHQFH >@ DQHZVNHZFRPSHQVDWLRQ WHFKQLTXHXVLQJ IOLSIORSVZLWKGLIIHUHQW
RSHUDWLQJVSHHGVZDVLQWURGXFHG7KHQHZWHFKQLTXHSURYLGHVWLPLQJVODFNVWKDWFRXOGEH
XVHGLQDFORFNGLVWULEXWLRQDOJRULWKPLQRUGHUWRUHGXFHWKHWRWDOZLUHOHQJWKDQGURXWLQJ
FRPSOH[LW\ 7UDGLWLRQDOO\ WR PDQDJH WKH FORFN VNHZ LQ D FORFN QHWZRUN FORFN
GLVWULEXWLRQDOJRULWKPVDWWHPSWWREDODQFHWKHGHOD\IURPWKHVRXUFHWRDOOVLQNV7KLVLV
DFFRPSOLVKHG PDLQO\ WKURXJK ZLUH OHQJWK DGMXVWPHQW ZLUH ZLGWK VL]LQJ DQG EXIIHU
LQVHUWLRQ7KHFORFNGLVWULEXWLRQDOJRULWKPFRXOGDOVRWDNHDGYDQWDJHRIWKHQHZSURSRVHG
VNHZ FRPSHQVDWLRQ WHFKQLTXH DORQJ ZLWK RWKHU WUDGLWLRQDO EDODQFLQJ DSSURDFKHV WR JHW


WKH GHVLUHG VNHZ LQ D FORFN QHWZRUN ZLWK OHVV WRWDO ZLUH OHQJWK &RQVHTXHQWO\ FORFN
QHWZRUN SRZHU FRQVXPSWLRQ ZLOO EH GHFUHDVHG $GGLWLRQDO EHQHILWV RI WKH SURSRVHG












8VXDOO\ D W\SLFDO FORFN WUHH URXWHU LV QRW DZDUHRI WKHXQGHUO\LQJGDWDSDWK DQGGDWD
IORZGHSHQGHQF\EHWZHHQWKHFORFNVLQNV7KLVDVVXPSWLRQLQGLFDWHVWKDWDWILUVWWKHUHLV































FRQVLGHUV XS WR VHYHQ GLIIHUHQW FRPELQDWLRQV RI IOLSIORSV RSHUDWLQJ VSHHGV LQ X DQG Y


XVWDQGDUG YVWDQGDUG XVWDQGDUG YIDVW XVWDQGDUG YVORZ XIDVW YVWDQGDUG XIDVW
YVORZ XVORZ YVWDQGDUG DQG XVORZ YIDVW 7KHUH DUH WZR UHGXQGDQW FRPELQDWLRQV
XVORZ YVORZ DQG XIDVW YIDVW 6LQFH ERWK RI WKHVH FRPELQDWLRQV UHVXOW LQ WKH VDPH
PHUJLQJ VHJPHQW DV LQ XVWDQGDUG YVWDQGDUG WKH DOJRULWKP GRHV QRW FRQVLGHU WKH WZR






FRQVLGHUV WKH SURSHU PDWFKHG GHOD\ IRU HLWKHU OHIW RU ULJKW VXEWUHH 7KH WKUHH W\SHV RI
IOLSIORSVHQDEOHWKHDOJRULWKPWRXVHWKHPDWFKHGGHOD\YDOXHVLQRUGHUWRFRPSHQVDWHIRU
WKHVNHZ
$ JUHHG\ VWUDWHJ\ ZDV XVHG WR FKRRVH WKH W\SHV RI IOLS IORSV 7KLV PHDQV WKDW LI WKH
W\SHV RI IOLSIORSV LQ D VHW RI OHDYHV LQ D VXEWUHH KDYH DOUHDG\ EHHQ GHWHUPLQHG WKH
DOJRULWKP ZLOO QRW FKDQJH LW LQ D ODWHU VWDJH )RU H[DPSOH LQ )LJ  LI WKH DOJRULWKP
VSHFLILHVWKHVORZIOLSIORSIRUWKHOHDYHVLQWKHVXEWUHHURRWHGDWYDQGWKHIDVWIOLSIORSV
IRU WKH OHDYHV LQ WKHVXEWUHH URRWHGDWX WKLV LPSOLHV WKDW WKHGHFLVLRQ IRU WKH W\SHVRI
IOLSIORSVLQWKHVXEWUHHZLVDOUHDG\PDGH,QGHHGWRDFKLHYHPRUHRSWLPXPUHVXOWVRQH
FDQ GHIHU WKH GHFLVLRQ PDNLQJ WR WKH XSSHU OHYHOV EXW WKLV ZLOO LQFUHDVH WKH WLPLQJ
FRPSOH[LW\RIWKHDOJRULWKP
/HW V V V DQG V EH IRXU QRGHV LQ D FORFN WUHH 7KH QRGHV DUH WR EH PHUJHG






7KH DOJRULWKP HQXPHUDWHV DOO WKH VHYHQ GLIIHUHQW FKRLFHV IRU WKH IOLSVIORSV LQ V V
DQGVV7KHPHUJLQJVHJPHQWVIRUQRGHYDQGXDUHFDOFXODWHGIRUDOOFRPELQDWLRQV
/HW068DQG069UHIHUWRWKHVHWRIWKHPHUJLQJVHJPHQWVIRUDOOGLIIHUHQWIOLSIORS





IXQFWLRQ WR LQFOXGH WKH GLVWDQFH DQG WKHZLUH HORQJDWLRQ LQ DXQLILHG IRUP LV SURSRVHG
7KLVPHUJLQJFRVW LV WKH VDPH DV WKH0DQKDWWDQGLVWDQFHEHWZHHQ WKH URRWVRI WKH WZR
VXEWUHHV LI WKHUH ZDV QR HORQJDWLRQ RWKHUZLVH WKH H[WUD ZLUH GXH WR ZLUH VQDNLQJ LV
LQFOXGHGLQWKHPHUJLQJFRVW
7KH DOJRULWKP XVHV WKH XQLILHG ZLUH OHQJWK FRVW IXQFWLRQ WR GHWHUPLQHZKLFK PHUJLQJ
VHJPHQWV VKRXOG EH VHOHFWHG IURP HDFK RQH RI LWV FKLOGUHQ 7KH EHVW SRVVLEOH FKRLFH
LQGLFDWHVWKHW\SHVRIWKHIOLSIORSVLQVVVDQGVDVVKRZQLQ)LJE,WVKRXOGEH
QRWHG WKDW WKH (OPRUH GHOD\ WKDW LV XVHG WR PRGHO WKH GHOD\ LQ WKH VTXDUHZDYH EDVHG
FORFNGLVWULEXWLRQQHWZRUNVDOJRULWKPVLVDOVRYDOLGIRUVLJQDOVRWKHUWKDQVWHSVLJQDOVDQG
WKDWWKHDFWXDOGHOD\DSSURDFKHVWKH(OPRUH'HOD\DVWKHLQSXWVLJQDOULVHWLPHLQFUHDVHV
>@ 7KLV LOOXVWUDWHV WKDW WKH DOJRULWKPV XVHG WR FRQVWUXFW VTXDUHZDYH EDVHG FORFN




































WKH PHWKRG RI PHDQV DQG PHGLDQV 000 %RWK DOJRULWKPV ZHUH UXQ RQ D VHW RI
EHQFKPDUNV UU WKDW FRQWDLQ IURP  XS WR  FORFN VLQNV 7KH FORFN VLQN
GLVWULEXWLRQLQWKHEHQFKPDUNVLVWKHVDPHDVWKHRQHLQ>@7KHVLQNVDUH6&&(5IOLS








ZHOO DV D UHGXFWLRQ LQ WKH FORFN WUHH SRZHU FRQVXPSWLRQ ZKLFK LV RQH RI WKH PRVW
LPSRUWDQWLVVXHVLQFORFNGLVWULEXWLRQQHWZRUNVGHVLJQ
2QHRI WKHPDMRUGUDZEDFNVDVVRFLDWHGZLWK WKH'0(EDVHGFORFN URXWHUV LV WKH IDFW
WKDW WKH\ LQWURGXFH PDQ\ ZLUH HORQJDWLRQV WR DFKLHYH D ]HUR VNHZ FORFN QHWZRUN 7KH
HORQJDWLRQ SUREOHP LV H[DFHUEDWHG XVXDOO\ ZKHQ WKH FORFN URXWHUV RQO\ FRQVLGHU WKH
VSDWLDO SUR[LPLW\ WR ILQG WKH EHVW PDWFKLQJ SDLUV 7KH UHVXOWV LQ 7DEOH  VKRZ D
UHGXFWLRQRIDQDYHUDJHRILQWKHQXPEHURIZLUHHORQJDWLRQ:LUHHORQJDWLRQLVD
UHDOEXUGHQLQGHWDLOSKDVHURXWLQJEHFDXVHWKH\ LQWURGXFHXQQHFHVVDU\EHQGVDQGYLDV
7KH QHZ DOJRULWKP LV RQO\ D VLPSOH JUHHG\ KHXULVWLF WKDW ZDV GHYHORSHG WR YHULI\ WKH
DGYDQWDJHVRIXVLQJ WKHQHZVNHZFRPSHQVDWLRQ WHFKQLTXH ,QGHHG WKHDOJRULWKPLVQRW
JXDUDQWHHGWRJHWWKHEHVWDQGRSWLPDOUHVXOWV1HYHUWKHOHVVWKHUHVXOWVDUHHQFRXUDJLQJ
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:HGHYHORSHGDPHWKRG WRFDOFXODWH WKHSUREDELOLVWLF URXWLQJGHPDQG IRUFORFN WUHH









ZLULQJ DQG EHQGV WKDW DUH KLGGHQ LQ DOO SXEOLVKHG '0( EDVHG FORFN WUHH URXWHUV 2XU
DOJRULWKP LV WDUJHWHG WRZDUGV SUDFWLFDO FORFN WUHH JHQHUDWLRQ ZLWK OHVV QXPEHU RI YLDV
7KHWRWDOZLUHOHQJWKZDVUHGXFHGE\DQDYHUDJHRI3RVWURXWLQJLQGXFHGVNHZZDV
GHFUHDVHG E\ DQ DYHUDJH RI   $OVR WKH WRWDO QXPEHU RI YLDV LV UHGXFHG E\ 
)XUWKHUPRUH URXWLQJ RYHUIORZV DUH UHGXFHG FRQVLGHUDEO\ DW WKH H[SHQVH RI PRUH
FRPSXWDWLRQWLPH







 Probabilistic congestion estimation in clock algorithm 

$V GHVFULEHG LQ &KDSWHU  D SUREDELOLVWLF PHWKRG WR HVWLPDWH WKH OLNHOLKRRG RI





7RKDYHDFORFN WUHHZLWK OHVVKLGGHQRYHUKHDGDQGSUHGLFWDEOHZLUH OHQJWKDQGZLULQJ
WRSRORJ\VHYHUDOFKDOOHQJHVPXVWEHDGGUHVVHG







x 6DPSOH EDVHG PHUJLQJ VHJPHQWV DUH XVHIXO WR FRQVROLGDWH PRVW RI WKH
URXWDELOLW\ REMHFWLYHV LQ D XQLILHG RSWLPL]DWLRQ SUREOHP 7R GR WKDW DQ
LQYHVWLJDWLRQ LV QHHGHG IRU D XQLILHG ZHLJKWHG FRVW IXQFWLRQ WR HPEUDFH WKH
SUREOHPV RI YLD PLQLPL]DWLRQ FRQJHVWLRQ DZDUHQHVV DQG UHGXFLQJ WKH WRWDO
ZLUHOHQJWK

 Topology Generation with obstacle consideration 

2EVWDFOHFRQVLGHUDWLRQ LVRQHRI WKHPLVVLQJSX]]OHVRIDSUDFWLFDOFORFN WUHHURXWLQJ
$V H[SODLQHG LQ WKH OLWHUDWXUH UHYLHZ D ZLGHO\ DFFHSWHG FRQFOXVLRQ LV WKDW D VXEWUHH
VKRXOGEHPHUJHGZLWKLWVQHDUHVWQHLJKERU7KLVDVVXPSWLRQPDNHVVHQVHDVORQJDVWKHUH
LVQREORFNDJHLQWKHURXWLQJUHJLRQVLQFHRQO\VSDWLDOSUR[LPLW\LVFRQVLGHUHGWRLGHQWLI\








HVWLPDWLRQ PRGHO WR SUHGLFW WKH ORZHU ERXQG IRU ZLUH OHQJWK DQG EHQG QXPEHU
SULRUWRWKHFORFNURXWLQJ:HQRWLFHWKDWWKLVPRGHOKDVQRWEHHQGHYHORSHGDQG
ZH DUH H[SHFWHG WR SURSRVH D PRUH JHQHUDO SUHGLFWLRQ PRGHO IRU JOREDO URXWLQJ
SUREOHP EHVLGHV WKH FORFN GLVWULEXWLRQ 7KH PRGHO WKHQ FDQ EH XVHG WR JXLGH D
FORFNWUHHURXWHULQWRSRORJ\JHQHUDWLRQSKDVH
x 7KH EHVW UHSRUWHG FORFN WUHH URXWHU LQ WHUPV RI ZLUH OHQJWK LV NQRZQ WR EH WKH
*UHHG\'0( LQWURGXFHG E\ (GDKLUR  ,Q UHDOLW\ *UHHG\ '0( VXIIHUV IURP
VHULRXV GHILFLHQF\ VXFK WKDW LW SURGXFHV WRR PDQ\ ZLUH HORQJDWLRQV PDLQO\
EHFDXVHLWGRHVQRWFRQVLGHUWKHVXEWUHHORDGLQJFDSDFLWDQFHWRILQGWKHEHVWSDLU
WR PHUJH 7KHUHIRUH LW LV YHU\ OLNHO\ IRU WKH DOJRULWKP WR PHUJH D KHDYLO\
XQEDODQFHG SDLU RI VXEWUHHV MXVW E\ WDNLQJ WKH VSDWLDO SUR[LPLW\ LQWR DFFRXQW







  Via Minimization in 3D ICs 

7KH IDEULFDWLRQ WHFKQRORJ\ LV UDSLGO\ PRYLQJ WRZDUG VWDFNLQJ PXOWLSOH GLH LQ YHUWLFDO
GLPHQVLRQUHIHUUHGDV'LQWHJUDWHGFLUFXLW7KHYHUWLFDOLQWHUFRQQHFWLRQVLQ',&VDUH
WKURXJK  769V  WKURXJK VLOLFRQ YLD   769V JUHDWO\ UHGXFH WKH FLUFXLW UHOLDELOLW\ DQG
GHJUDGHWKHVLJQDOTXDOLW\'IDEULFDWLRQXVXDOO\FRQVLGHUDQXSSHUERXQGIRUQXPEHU
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